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Perinuclear localizationThe Crinivirus, Lettuce infectious yellows virus (LIYV) has a bipartite, positive-sense ssRNA genome. LIYV RNA
1 encodes replication-associated proteins while RNA 2 encodes proteins needed for other aspects of the LIYV
life cycle. LIYV RNA 1 ORF 2 encodes P34, a trans enhancer for RNA 2 accumulation. Here we show that P34 is
a sequence non-speciﬁc ssRNA-binding protein in vitro. P34 binds ssRNA in a cooperative manner, and the C-
terminal region contains the RNA-binding domain. Topology predictions suggest that P34 is a membrane-
associated protein and the C-terminal region is exposed outside of the membrane. Furthermore, fusions of
P34 to GFP localized to the perinuclear region of transfected protoplasts, and colocalized with an ER-speciﬁc
dye. This localization was of interest since LIYV RNA 1 replication (with or without P34 protein) induced
strong ER rearrangement to the perinuclear region. Together, these data provide insight into LIYV replication
and possible functions of P34.nce, Policy, and Management,
earch Unit 1680 Madison Ave.
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Lettuce infectious yellows virus (LIYV) is the type member of the
genus Crinivirus in the family Closteroviridae (Agranovsky, 1996; Dolja
et al., 2006; Karasev, 2000; Martelli et al., 2002; Ng and Falk, 2006).
The genomes of viruses in the family Closteroviridae are the largest of
the single-stranded plus-sense RNA plant viruses, and contain a
complex array of genes (Karasev, 2000). The LIYV genome is bipartite
(Fig. 1A). LIYV RNA 1 encodes replication-associated proteins while
RNA 2 encodes proteins needed for other aspects of the LIYV life cycle.
LIYV RNA 1 alone inducesmembrane proliferation and the “BYV-type”
vesiculation cytopathology characteristic of closteroviruses (Esau and
Hoefert, 1971; Hoefert et al., 1988; Medina et al., 1998), suggesting
that LIYV, likemany other RNA viruses, may utilize hostmembranes in
replication processes. Interestingly, the two LIYV genomic RNAs do
not share 3' terminal sequence homology, or even structural similarity
(Klaassen et al., 1995). RNAs 1 and 2 have ﬁve identical 5' terminal
nucleotides and also a sequence of 23 identical nucleotides located
near the 5' termini of both RNAs 1 and 2. LIYV RNA 1 contains ORFs 1A
and 1B, which together encode the replication-related proteins.
However, RNA 1 ORF 2 encodes a 34-kDa protein (P34) composed
of 292 amino acids (aa), which is different from the RNA1 3' proteins
encoded by other criniviruses. BLAST (http://blast.ncbi.nlm.nih.gov/
Blast.cgi) analyses showed no signiﬁcant similarity between P34 andother proteins; however, the SMART program (Schultz et al., 1998)
identiﬁed a putative RNase III-like domain at aa 99–211, although its
similarity to other RNase III domains is low (e. g. identity=14/51
[27%]; score=70). An RNase III-like domain was also reported in a
protein encoded at the 3' terminal region of RNA 1 in another
Crinivirus, Sweet potato chlorotic stunt virus (SPSCV)(Kreuze et al.,
2002). LIYV RNA 2 contains 7 ORFs including the “hallmark
closterovirus gene array,” a ﬁve gene module conserved among
viruses in the family Closteroviridae (Fig. 1A) (Dolja et al., 2006;
Karasev, 2000; Ng and Falk, 2006).
LIYV RNA 1 replication is cis-preferential (Wang et al., 2009), while
RNA 2 replication is in trans (Yeh et al., 2000). Further, the LIYV
genomic RNAs show asynchronous temporal accumulation and gene
expression (Yeh et al., 2000). When both RNAs are simultaneously
inoculated to protoplasts, LIYV RNA 1 accumulates to high levels
almost 24 h before signiﬁcant accumulation of RNA 2 is detected. This
suggests that there are fundamental differences in the replication
determinants of the two genomic RNAs. LIYV RNA 1 is replication-
competent in the absence of RNA 2 and efﬁcient RNA 2 replication
requires the RNA 1-encoded P34, but this protein is not needed for
RNA 1 replication (Yeh et al., 2000). Thus, P34 was identiﬁed as an
RNA 1-encoded trans enhancer of RNA 2 replication (Yeh et al., 2000).
How LIYV achieves temporal regulation for RNA 1 vs. 2 replication
and gene expression, and how LIYV P34 functions as an RNA 1-
encoded trans enhancer of RNA 2 replication are important questions.
RNA-binding activities of viral proteins can contribute to replication,
movement, pathogenicity, encapsidation and other aspects of virus
infection (Ahlquist, 2002; Bol, 2005; Buck, 1996; Choi et al., 2004;
Citovsky et al., 1990; Daros and Carrington, 1997; Donald and Jackson,
Fig. 1. GST-P34 protein puriﬁcation and RNA-binding assays. (A) Schematic representation of Lettuce infectious yellows virus (LIYV) genomic RNAs. Rectangles represent ORFs
encoded by LIYV genomic RNAs 1 and 2. LIYV RNA 1 ORFs 1A, 1B and 2 (encoding P34) are shown. P-PRO=papain-like protease; MTR=methyltransferase; HEL=RNA helicase;
RDRP=RNA dependent RNA polymerase; HSP70h=homolog of HSP70 proteins; CP=major capsid protein; CPm=minor capsid protein. (B) SDS-PAGE analysis of puriﬁed GST-P34
protein followed by Coomassie blue staining. Numbers at left indicate sizes of protein markers. (C) Western immunoblot analysis using GST-speciﬁc antibody from a duplicate of
SDS-PAGE gel in (B). (D) SDS-PAGE analysis of puriﬁed GST-P34 protein followed by Coomassie blue staining. Numbers at left indicate sizes of protein markers. (E) Northwestern
assays of puriﬁed GST-P34 protein from a duplicate of SDS-PAGE gel in (D). Approximately equal amounts (∼2 µg) of protein samples were electrophoresed through 12% SDS-PAGE
gels and transferred to nitrocellulose membranes. After membrane-attached proteins were renatured, the membrane was hybridized in renaturation buffer with approximately
500 ng 32P-labeled LIYV RNA 2 M5 probe (Rubio et al., 2000; Yeh et al., 2001). (F) Puriﬁed GST-P34 gel electrophoretic mobility shift assays (EMSA). LIYV RNA 2 M5 radioactively 32P-
labeled RNA probe was incubated with increasing amounts of GST-P34 (0, 1, 2, 4, 8, 16, 32, 64, 128, 250 and 500 ng protein per lane). The positions of the free RNA probe and the
protein-RNA complexes are shown at right. (G) EMSA showing the interactions of GST-P34 protein andM5 radioactively 32P-labeled RNA probe in vitro. M5 RNA probewas incubated
with comparable amounts of proteins (lane 1: mock control; lane 2: 67 ng BSA; lane 3: 30 ng GST; lane 4: 60 ng GST-GFP; lane 5: 64 ng GST-P34). The positions of the free RNA probe
and the protein-RNA complexes are shown at right.
68 J. Wang et al. / Virology 403 (2010) 67–771996; Donald et al., 1997; Herranz and Pallas, 2004; Huang et al.,
2001; Li and Palukaitis, 1996; Navarro et al., 2006; Osman et al., 1992;
Rao and Grantham, 1996; Wang et al., 2005). Although P34 does not
show signiﬁcant similarity to known RNA-binding proteins, we
hypothesized that P34 might bind to LIYV RNA 2 to somehow
facilitate replication and/or gene expression. If so, then P34might also
show RNA-binding properties in vitro, and be associated with the
cellular site(s) of LIYV replication in situ. Our results here showed that
P34 is a sequence non-speciﬁc ssRNA-binding protein. Further, in gel
electrophoretic mobility shift assays, we demonstrated that P34 binds
to ssRNA in a cooperative manner, and that the C-terminal region of
P34 contains the RNA-binding domain. Topology algorithms also
predicted that P34 is a membrane-associated protein, and here we
showed that fusions of P34 to green ﬂuorescent protein (GFP)localized to the perinuclear region of cells, which was also the site
of major ER rearrangement during RNA 1 infection. Together, these
data provide evidence in support of our hypothesis that P34 binds to
LIYV RNA 2 to somehow facilitate replication and/or gene expression.
Results
P34 has RNA-binding activity
In order to obtain suitable amounts of LIYV P34 for in vitro studies,
P34 recombinant protein was over-expressed in Escherichia
coli, puriﬁed as a Glutathione-S-transferase (GST):P34 fusion protein
(Fig. 1B and D) and conﬁrmed by western immunoblot using GST-
speciﬁc antibody (Fig. 1C). Then, northwestern assays (Fig. 1E) were
Fig. 2. EMSA Competition assays showing strong preferential binding of GST-P34 to
ssRNA in vitro. (A) 64 ng of puriﬁed GST-P34 was incubated with M5 radioactively 32P-
labeled RNA probe plus increasing amounts of unlabeled competitors (4-, 16-, 64-fold
molar excess). Lane 1: M5 RNA probe only. Lane 2: GST-P34 was incubated with M5
RNA probe without unlabeled competitors. The experiments were repeated twice with
similar results. (B) Graphical representation of the data for competition effects in (A).
The competition effects were calculated by the percentage of M5 radioactively 32P-
labeled RNA probe displaced out of the protein-RNA complexes from three independent
experiments.
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activity. We used a 1.9-kb 32P-labeled LIYV RNA 2 M5 defective RNA
(D RNA), the smallest replication-competent LIYV D RNA 2 previously
described (Yeh et al., 2001) as a probe (positive-sense ssRNA). The
results showed that the M5 RNA was bound by GST-P34, but not by
GST-GFP (a control fusion of comparable size), bovine serum albumin
(BSA), or GST alone. In order to further characterize RNA-binding
properties of LIYV-encoded P34, we used increasing amounts of the
GST-P34 protein beginning with 1 ng up to 500 ng and performed gel
electrophoretic mobility shift assays (EMSAs) with a 32P-labeled M5
RNA probe (Fig. 1F). The greater the amount of added GST-P34
protein, the greater that the mobility of the RNA probe was retarded,
indicating increasing protein:RNA complex formation. We then
selected a molar ratio of protein to RNA (78:1, Fig. 1F lane 8) for the
following EMSA experiments for which more than 96% of RNA probe
was bound to GST-P34 protein (the concentration for probe
saturation) (Donald et al., 1997). We used comparable molar ratios
of BSA, GST alone, GST-GFP or GST-P34 proteins to RNA, and
performed EMSA with the 32P-labeled M5 RNA probe (Fig. 1G). The
results indicated that GST-P34 can bind to RNA efﬁciently, producing
the GST-P34:RNA complex and causing the RNA mobility shift,
whereas the same molar ratio of BSA, GST alone or GST-GFP proteins
to RNA failed to bind M5 RNA. Together, these results conﬁrmed
results from northwestern analysis and showed that P34 has RNA-
binding activity and ruled out the possibilities that BSA, GST, GST-GFP
or any contaminating proteins from E. coli were responsible for the
RNA-binding activity observed here.
P34 is a sequence non-speciﬁc ssRNA-binding protein
In order to evaluate the speciﬁcity of P34 binding, we used various
unlabeled nucleic acids to perform EMSA competition assays (Fig. 2).
Fixed amounts of GST-P34 protein and 32P-labeled M5 probe were
incubated with increasing amounts of unlabeled competitors (4-, 16-,
64-fold molar excess). All competitors (ssRNA, dsRNA, ssDNA and
dsDNA) were generated from the same M5 plasmid DNA. The
competition assays showed that the ssRNA unlabeled competitor in
increasing molar excess had 79–92% displacement effects, whereas
dsRNA, ssDNA and dsDNA competitors had only 26–36% displacement
effects (Fig. 2B). 50% displacement (competition) of the labeled probe
required a competitor:probemolar ratio of b4 for the ssRNA competitor
and a molar ratio of N64 for dsRNA, ssDNA and dsDNA competitors.
These results showed that the unlabeled ssRNAwas the best competitor
because it bound GST-P34 at lower concentrations and substantially
displaced the 32P-labeled M5 probe from the protein:RNA complexes
(Fig. 2A). In contrast, dsRNA, ssDNA and dsDNA were poor competitors
(Fig. 2A) and had no substantial competition effects (Fig. 2B). These
results indicate that P34 has strong binding preference for ssRNA
compared with dsRNA, ssDNA or dsDNA.
In order to evaluate sequence speciﬁcity of P34 ssRNA-binding, we
used comparably sized unlabeled ssRNAs of different sequences to
perform EMSA competition assays (Fig. 3). Fixed amounts of GST-P34
protein and 32P-labeled M5 probe were incubated with increasing
amounts of unlabeled ssRNA competitors: M5 positive-sense ssRNA
(1.9 kb), Tobacco mosaic virus (TMV) positive-sense ssRNA (1.9 kb), GST-
GFP positive-sense ssRNA (1.4 kb, non-viral origin), M5 negative-sense
ssRNA(1.9 kb). Thecompetition assays showed that theeachof the ssRNA
competitors efﬁciently bound GST-P34 (Fig. 3A) and displaced the 32P-
labeledM5probe to similar degrees (Fig. 3B). The data suggested that P34
does not have preferential binding to the LIYV-derived sequence and thus
that P34 is a sequence non-speciﬁc ssRNA-binding protein in vitro.
P34 binds to ssRNA in a cooperative manner
Cooperative RNA-binding of a viral protein might enhance viral
RNA protection against degradation and/or increase the stability ofviral replication complexes (Citovsky et al., 1990; Daros and
Carrington, 1997; Rajendran and Nagy, 2003; Richmond et al.,
1998). In order to further evaluate the RNA-binding properties of
P34, we performed EMSAwith increasing amounts of GST-P34 protein
incubated with a ﬁxed amount of 32P-labeledM5 RNA probe (Fig. 4A).
The RNA probe appearedmostly in the unbound formwhen incubated
with small amounts of GST-P34 protein, but changed rapidly into the
bound form (protein-RNA complex) when incubated with increasing
amounts of GST-P34 protein. No existence of intermediate bands
indicated that the binding of P34 protein to ssRNA has “all or none”
behavior typical of cooperative binding (Citovsky et al., 1990;
Rajendran and Nagy, 2003). In addition, the Hill coefﬁcient (c) of
1.7 (Rajendran and Nagy, 2003) from three independent experiments
for RNA-binding properties of P34 (Fig. 4B and C) showed weak
positive cooperative binding of P34 to ssRNA (c=1 is an indication of
non-cooperative binding and cN1 is an indication of positive
cooperative binding). Together, these results suggested that P34
binds to ssRNA in a cooperative manner.
C-terminus of P34 contains the RNA-binding domain
Topology algorithms from SOSUI (Hirokawa et al., 1998), TopPred
(Claros and von Heijne, 1994), TMpred (Hofmann and Stoffel, 1993),
HMMTOP (Tusnady and Simon, 2001) and DAS programs (Cserzo et
al., 1997) predict that P34 is a membrane-associated protein (Fig. 5A)
Fig. 3. EMSA competition assays showing no preferential binding of GST-P34 to LIYV-
derived ssRNA in vitro. (A) 64 ng of puriﬁed GST-P34 was incubated with M5
radioactively 32P-labeled RNA probe plus increasing amounts of unlabeled competitors
(4-, 16-, 64-fold molar excess). Lane 1: M5 RNA probe only. Lane 2: GST-P34 was
incubated with M5 RNA probe without unlabeled competitors. The experiments were
repeated two times with similar results. (B) Graphical representation of the data for
competition effects in (A). The competition effects were calculated by the percentage of
M5 radioactively 32P-labeled RNA probe displaced out of the protein–RNA complexes
from three independent experiments.
Fig. 4. EMSA showing cooperative RNA-binding of GST-P34 in vitro. (A) Increasing
amounts of puriﬁed GST-P34 were incubated with M5 32P-labeled RNA probe in EMSA.
The experiments were repeated two times with similar results, and results from one
experiment are shown. (B) Semi-log plot of GST-P34 RNA-binding in which the
percentage of RNA bound (protein–RNA complexes) was plotted against the molar
concentration of GST-P34. (C) Hill plot of GST-P34 RNA-binding in which the log(bound
%/unbound%) was plotted against the log of GST-P34 concentration. The Hill coefﬁcient
value is the slope of the equation.
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(score: 1384; 30–47 aa in TMpred program) and a second less
probable helix (score: 445; 178–199 aa in TMpred program). In order
to map the RNA-binding domains of P34, we made three P34 mutants
(Fig. 5B) including MT1 (N-terminal 1–96 aa deletion mutant), MT2
(central region 97–218 aa deletion mutant), MT3 (C-terminal 219–
292 aa deletion mutant). Each P34 mutant protein was over-
expressed in E. coli and puriﬁed as a GST-P34 fusion (Fig. 5C and D).
We performed northwestern assays to evaluate the RNA-binding
activities of these three mutants (Fig. 5E). Both MT1 and MT2 bound
to M5 RNA similarly as did wild-type P34, whereas the MT3 deletion
mutant failed to bind to M5 RNA. These results indicated that C-
terminal region of P34 contains the RNA-binding domain and
topology predictions suggest that this region is exposed outside of
the membrane.
P34 exhibits perinuclear localization and colocalizes with ER
The above data show that P34 is an RNA binding protein, at least in
vitro. In addition, topology algorithms predict that P34 is a
membrane-associated protein. Based on previous studies showing
that P34 is essential for efﬁcient accumulation of LIYV genomic RNA 2
(Yeh et al., 2000), we postulated that P34may be involved in targeting
RNA 2 to replication sites or facilitating RNA 2 replication. In order to
examine the sub-cellular localization of P34, we expressed P34:GFP
(green ﬂuorescent protein) and GFP:P34 fusion proteins from theduplicated coat protein promoter of the TMV 30B vector (Rabindran
and Dawson, 2001) by inoculating Nicotiana tabacum Xanthi Mary-
land suspension cell protoplasts with infectious transcripts. The
location of green ﬂuorescence was monitored 1–4 days post-inocu-
lation. Unfused GFP, expressed from TMV 30B-GFPc3 (Rabindran and
Dawson, 2001) was observed throughout the cytoplasm of infected
cells and was not excluded from cell nuclei (Fig. 6A). In contrast,
strong perinuclear ﬂuorescence was observed for P34:GFP at all time
points observed (1–4 days post-inoculation; Fig. 6B–D). GFP:P34
fusions showed more diffuse GFP localization throughout infected
cells but also exhibited weaker perinuclear localization at all time
points (Fig. 6E–H). These observations indicate that P34 contains
signals directing its localization to a perinuclear sub-cellular location,
but this targeting may be partially masked by fusion of GFP to its N-
terminus.
GFP localization of the P34 fusionswas compared to ER localization
as detected by ER-Tracker Red (Invitrogen, Carlsbad, CA) dye in ﬁxed
cells. Inoculated cells permeabilized by formaldehyde ﬁxation and
treated with ER-Tracker Red dye showed ER strands, cortical ER, and
perinuclear ER in mock-inoculated cells (Fig. 7A top panel). GFP from
TMV 30B-GFPc3 localized throughout cells and partially overlapped
with ER-Tracker Red ﬂuorescence, differing by its presence in the
Fig. 5. Mapping the RNA-binding domain of P34. (A) Topological prediction model of
P34 based on SOSUI program. Transmembrane helices are represented by the gray
boxes. The double-lipid layer of the membranes and membrane associated protein P34
are shown. For the P34 deletion mutant MT3, the deletion region is indicated by the
empty black circle. (B) Schematic representation of the wild-type (WT) and mutants of
the GST-P34 fusion protein. The solid lines indicate deleted regions in mutants. The
names of the constructs and the speciﬁc positions of amino acids still present in each
mutant are shown at right. (C) SDS-PAGE analysis of puriﬁed GST-P34 fusion proteins
including wild-type and mutants followed by Coomassie blue staining. Numbers at left
indicate sizes of protein markers. (D) Western immunoblot analysis using GST-speciﬁc
antibody from a duplicate of SDS-PAGE gel in (C). (E) Northwestern assays of puriﬁed
GST-P34 fusion proteins including wild-type andmutants from a duplicate of SDS-PAGE
gel in (C). See Fig. 1E for detailed descriptions of northwestern assays. The arrow
indicates the absence of RNA-binding activity of MT3.
71J. Wang et al. / Virology 403 (2010) 67–77nucleus (Fig. 7A). Both GFP:P34 and P34:GFP fusions exhibited
colocalization of ﬂuorescence with the ER Red dye, including in the
perinuclear region (Fig. 7B and C).
LIYV RNA1 induces major ER rearrangement with or without P34
expression
Because our data suggested that P34 localized to the perinuclear
region, a site of reported membrane rearrangement during replication
of other RNA viruses, we assessed whether LIYV induces ER rearrange-
ment in infected cells.N. tabacum BY-2 protoplasts transgenic for an ER-targeted GFP (Nebenfuhr et al., 2000) were inoculated with LIYV virion
RNA, RNA 1 in vitro transcripts, or mock-inoculated with water to
observe effects on ER structure. Mock-inoculated cells showed typical
ER distribution (Fig. 8A), whereas cells inoculatedwith LIYV virion RNA
(including RNA 1 and RNA 2) resulted in pronounced redistribution of
ﬂuorescence to the perinuclear region (Fig. 8B). Perinuclear ER
rearrangement was also observed when in vitro transcripts of LIYV
RNA1 alone were inoculated to protoplasts, for both wild type RNA 1
clone pSP9/55 and a P34 mutant with a 5' double stop codon insertion
that abolished P34 trans enhancementof LIYVRNA2 replication, R1-322
(P32- in original reference; Fig. 8C and D) (Yeh et al., 2000). Similar ER
rearrangement was observed when LIYV virion RNA or RNA 1
transcriptswere inoculated toN. tabacumXanthiMaryland cells stained
with ER-Tracker Blue-WhiteDPXdye (Invitrogen, Carlsbad, CA; data not
shown).
Discussion
Previous efforts have demonstrated that P34 is an LIYV RNA 1-
encoded trans enhancer of RNA 2 replication (Yeh et al., 2000). Here
we provide new information and show that P34 also is a sequence
non-speciﬁc ssRNA-binding protein, and binds to ssRNA (at least in
vitro) in a cooperative manner. Furthermore, the P34 C-terminus
(219–292 aa) is critical for this ssRNA-binding activity. Also, P34
exhibits perinuclear localization. Several other plant viral proteins,
such as movement proteins and coat proteins, also have RNA-binding
properties similar to those shown here for P34 (Bol, 2005; Citovsky
et al., 1990; Daros and Carrington, 1997; Donald and Jackson, 1996;
Donald et al., 1997; Fujita et al., 1998; Herranz and Pallas, 2004; Li and
Palukaitis, 1996; Lopez et al., 2000; Marcos et al., 1999; Navarro et al.,
2006; Osman et al., 1992, 1993; Rajendran and Nagy, 2003; Richmond
et al., 1998). Thus, in vitro RNA binding activity alone cannot be used
to predict function in vivo.
LIYV RNA 1 encodes replication-associated proteins. LIYV RNA 1
ORF 1A and 1B are likely directly translated from genomic RNA 1,
yielding the proteins capable of replicating RNA 1. The LIYV RdRp then
uses the same RNA molecule as a template to replicate RNA 1 in cis
(Wang et al., 2009). During LIYV RNA 1 replication and transcription,
the RNA 1 ORF 2 subgenomic RNA also accumulates to very high
levels, and this is the likely subgenomic mRNA for P34 translation
(Yeh et al., 2000). Accumulation of LIYV RNA 2 is delayed relative to
RNA 1; RNA 2 accumulates to high levels only after RNA 1 and the P34
subgenomic RNA (and presumably P34 protein) are abundant. P34 is
not needed for RNA 1 replication, but is required for efﬁcient
replication/accumulation of RNA 2 (Yeh et al., 2000). Thus, one
possibility is that P34, an RNA 2-binding protein, might bridge the
RNA 1-encoded replicase proteins and RNA 2, possibly together with
other host or viral proteins, in order to provide template speciﬁcity
and selection, resulting in asynchronous temporal accumulation and
gene expression of the two LIYV genomic RNAs. The in vitro studies
have suggested that P34 is a sequence non-speciﬁc ssRNA-binding
protein. However, it is possible that P34 functions as sequence-
speciﬁc ssRNA-binding protein in vivo with the help from other viral
or host factors.
The roles exhibited by various viral RNA-binding proteins in virus
infections and replication are complex. Themonopartite Tomato bushy
stunt virus (TBSV) p33 replicase protein binds in vitro speciﬁcally to an
internal replication element (IRE) of TBSV RNA, and it was proposed
that the interactions of both p33:IRE and p33:p92 (another replicase
protein) provide a mechanism to selectively recruit viral RNAs into
viral replication complexes (Monkewich et al., 2005; Panavas et al.,
2005; Panaviene et al., 2003; Pogany et al., 2005; Rajendran and Nagy,
2003, 2004, 2006; Shapka et al., 2005; Stork et al., 2005). For the
tripartite Brome mosaic virus (BMV), the 1a protein recruits the 2apol
to endoplasmic reticulum membrane invaginations (RNA replication
compartments), and further in the absence of 2apol, 1a stabilizes RNA
Fig. 6. Epiﬂuorescence microscopic analysis showing sub-cellular localization of GFP alone, P34:GFP and GFP:P34 expressed from TMV 30B vector in protoplasts at 1–4 days post-
inoculation (dpi). (A) GFP localization at 1–2 dpi. (B–D) P34:GFP localization at 3–4 dpi. (E-H) GFP:P34 localization at 1–2 dpi. Upper panels are transmitted light images; lower
panels are ﬂuorescent images. Each size bar represents 30 μm.
72 J. Wang et al. / Virology 403 (2010) 67–773 and recruits RNA 3 (replication template) into the 1a-induced
preformed replication compartment (Chen and Ahlquist, 2000; Chen
et al., 2001; den Boon et al., 2001; Janda and Ahlquist, 1998; Restrepo-
Hartwig and Ahlquist, 1999, 1996; Sullivan and Ahlquist, 1999; Wang
et al., 2005). For another tripartite virus, Alfalfa mosaic virus (AMV),
the viral genomic RNAs are not infectious in the absence of coat
protein (CP), and CP binds speciﬁcally to 3' untranslated regions of the
AMV viral RNAs folded into a series of stem–loop structures (Bol,
2005; Neeleman et al., 2001; Olsthoorn et al., 1999; Thole et al., 2001;
Vlot et al., 2001). A model was proposed that the switch between two
mutually exclusive conformations of the 3' ends of RNAs could enable
them to switch from translation to replication and vice versa
(Olsthoorn et al., 1999). In addition, it was proposed that the AMV
CP could bridge replicase proteins and 3' ends of RNAs and stimulate
viral RNA replication at very low CP concentrations, whereas it
inhibits replication at higher concentrations (Guogas et al., 2004,
2005; Petrillo et al., 2005; Reichert et al., 2007).
Somewhat similar to our ﬁndings for LIYV and P34 are the results
for two members of the Comoviridae. The bipartite Cowpea mosaic
virus (CPMV), a member of the genus Comovirus, and Grapevine fanleaf
virus (GFLV), a member of the genus Nepovirus, encode polyproteins
from both genomic RNAs. RNA 1 encodes proteins involved in
genomic RNA replication, but the N-terminal protein domain of RNA
2 for both of these viruses is required in cis for RNA 2 trans replication,
but not for RNA 1 replication (Carette et al., 2002a,b, 2000; Gaire et al.,1999; Ritzenthaler et al., 2002; Van Bokhoven et al., 1993). In addition,
for GFLV, localization studies showed that 2A co-localizedwith RNA 1-
encoded proteins (Gaire et al., 1999; Ritzenthaler et al., 2002). It was
proposed that the 2A moiety of polyprotein P2 (derived from RNA 2)
alone, or via interactions between the P2-RNA2 translation complex
and RNA 1-encoded proteins, could recruit RNA 2 to the GFLV
perinuclear replication site (Gaire et al., 1999; Laporte et al., 2003;
Ritzenthaler et al., 2002).
Many plus-sense ssRNA viruses have been shown to utilize host
membranes for replication processes, and many viruses induce
formation of a perinuclear compartment where replication occurs
(Ahlquist et al., 2003; Goodin et al., 2005; Miller and Krijnse-Locker,
2008; Reichel and Beachy, 1998; Schaad et al., 1997). Proliferation of
membranes and the formation of Beet yellows virus-type vesicles are
characteristic of infections by LIYV and other members of the family
Closteroviridae (Esau and Hoefert, 1971; Hoefert et al., 1988; Medina
et al., 1998). These vesicular structures are associated with replication
processes and for LIYV are induced by LIYV RNA1 replication in the
absence of RNA 2 (Medina et al., 1998). Further, we showed that LIYV
RNA 1 induced strong perinuclear ER rearrangement in infected cells,
implying that the perinuclear region might be a major site of LIYV
replication. The perinuclear localization of P34 fusions to GFP and
their colocalization with an ER marker suggests that P34 may be
speciﬁcally directed to sites of LIYV replication. Topology predictions
also suggest that both P34 and the LIYV replicase proteins (Klaassen
Fig. 7. Epiﬂuorescence microscopy of ER and GFP localization. ER (red) is shown in top panel, GFP (green) in second panel, the merged green/red in the third panel, and the
transmitted light image in the bottom panel. Images of an ER-stained TMV 30B-GFPc3-inoculated cell are shown in (A). (B) shows a cell inoculated with TMV GFP:P34, and (C) shows
a cell inoculated with TMV P34:GFP. Each size bar represents 30 μm.
73J. Wang et al. / Virology 403 (2010) 67–77et al., 1995) are membrane-associated proteins, but further studies
are needed to experimentally validate membrane association and to
determine whether P34 and LIYV replicase proteins co-localize.
Since P34 is not needed for RNA 1 replication (Yeh et al., 2000),
but is needed for efﬁcient replication of LIYV RNA 2, this could
suggest that P34 binds to LIYV RNA 2 to facilitate replication and/or
gene expression. One possibility is that LIYV RNA 2must be recruited
to the RNA 1-induced replication complex, and P34 could facilitate
this activity. It also is possible that LIYV RNA 2 is already located at
the replication site, but P34 is needed in the replication complex for
coordinating some steps of replication (Ahlquist, 2002; Bol, 2005;
Buck, 1996; Daros and Carrington, 1997; Kao et al., 2001; Pogany
et al., 2005). For example, the AMV CP, an RNA-binding protein,
enables the AMV switch between translation and replication (Bol,
2005). Conversely, P34 might be needed to protect RNA 2 from
competing processes such as translation and/or degradation
(Olsthoorn et al., 1999; Wang et al., 2005). This possibility is
partially supported by P34 binding to RNA 2 in a cooperative
manner. Or, there may be a need to recognize and/or modify RNA 2
(differentiating genomic RNA 1 & 2 replication, selecting the RNA 2
template and recognizing the initiation site for RNA synthesis) by
the binding of P34 with or without help from other viral and host
factors and make RNA 2 more accessible for the RdRp to synthesize
negative-sense RNA 2, as previously described for several other plantviruses (Daros and Carrington, 1997; Guogas et al., 2004; Nagy et al.,
1999; Okamoto et al., 2008; Olsthoorn et al., 1999; Petrillo et al.,
2005; Pogany et al., 2005; Wang et al., 2005; Zhang et al., 2006a,b).
This possibility is partially supported by the fact that there is no
homology at the 3' termini of LIYV RNAs 1 and 2 (Klaassen et al.,
1995). Thus, the RdRp could recognize and bind to RNA 1 speciﬁcally
in cis (Wang et al., 2009), but the RdRp needs to be recruited to RNA
2 through a possible protein-protein interaction with P34. Similar
activities have been described for other viruses (Daros and
Carrington, 1997; Pogany et al., 2005; Reichert et al., 2007; Wang
et al., 2005).
It remains to be determined whether other criniviruses have
similar replication strategies or exhibit asynchronous temporal
accumulation of genomic RNAs, although recent work with Lettuce
chlorosis virus suggest that it does not (Salem et al., 2009). The 3' ORF
complement of the various criniviruses is extremely variable (Dolja
et al., 2006; Karasev, 2000), and P34 shows no signiﬁcant sequence
identity even to proteins encoded by similarly-positioned ORFs of
other criniviruses. Further, the 3' non-translated regions of LIYV RNA 1
and RNA 2 are different; other criniviruses have 3' sequence identity
at the 3' untranslated regions for both genomic RNAs. Thus, the
model we propose for P34 RNA-binding activity and localization to
putative replication sites to enhance RNA 2 replication may be a
unique strategy among criniviruses.
Fig. 8. Perinuclear ER rearrangement during LIYV infection. Endoplasmic reticulum rearrangements observed in N. tabacum BY-2 cells transgenic for ER-localized GFP. Cells
inoculated with water (A) showing normal ER distribution. Cells inoculated with LIYV virion RNA (B), RNA1 transcript RNA (C), or P34 mutant RNA1 transcript (D). Perinuclear ER
aggregation is observed after inoculation with each LIYV RNA sample, but not for the water control inoculation. Images were collected at 1 day post-inoculation, ﬂuorescent and
merged ﬂuorescent and transmitted light images are shown. Each size bar represents 30 μm.
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Construction of expression plasmids for wild-type and mutants
The LIYV P34 open reading frame was ampliﬁed from the RNA1
cDNA clone pSP9/55 (Yeh et al., 2000) using primers P34-BamHI-F
(5' TTCCGCGTGGATCCATGATAATGATGTCGCCGTTATACGCATT 3')
and P34-NotI-R (5' TCACGATGCGGCCGCCTATTCGTTATTTT-
TATTTTTTGCTTTGAAGT 3'). The polymerase chain reaction (PCR)
product was digested with BamHI and NotI, and cloned into BamHI/
NotI-digested expression vector pGEX-4T-2 (GE Healthcare, Piscat-
away, NJ, USA) to produce pGST-P34. pGST-P34 was then used as a
template for site-directed mutagenesis by inverse PCR (iPCR) to
create mutants MT1, MT2 and MT3. Primers 1-96-F (5' GTTAA-
CATTTTAGAATTACTAATAGGCAA 3') and 1-96-R (5' GGATCCACGCG-
GAACCAGATCCGATT 3') were used for iPCR, and the product was
self-ligated to recircularize the plasmid and produce pMT-1. Primers
97-218-F (5' GAGGGTTTCAAAAGTCCACAGGTTGAA 3') and 97-218-R
(5' TCCATAATTCAATATTGGGAAATCGTTGCA 3') were used for iPCR
and the product was self-ligated in order to recircularize the plasmid
and produce pMT-2. Primers 219-292-F (5' TAGGCGGCCGCATCGT-
GACTGACT 3') and 219-292-R (5' CTCTCCATCATAAACTAAAAATTCT
3') were used for iPCR and the product was self-ligated in order torecircularize the plasmid and produce pMT-3. The GFP (green
ﬂuorescent protein) open reading frame was ampliﬁed from pM5gfp
(Yeh et al., 2001) using primers GFP-BamHI-F (5' TTCCGCGTGGATC-
CATGAGTAAAGGAGAAGAACTTTTCACTGGAGTT 3') and GFP-NotI-R
(5' TCACGATGCGGCCGCTTATTTGTATAGTTCATCCATGCCATGTG.
TAA 3'). The PCR product was digested with BamHI and NotI, and
cloned into expression vector pGEX-4T-2 predigested by BamHI and
NotI to produce pGST-GFP. The inserts in all constructs were shown to
be free of errors by sequence analysis using primers pGEX-5 (5'
GGGCTGGCAAGCCACGTTTGGTG 3') and pGEX-3 (5' CCGGGAGCTG-
CATGTGTCAGAGG 3').
Puriﬁcation of proteins from E. coli
Each plasmid construct was transformed into E. coli BL21 (DE3)
pLysS. Glutathione S-transferase (GST) fusion proteins were puriﬁed
(Citovsky et al., 1990; Donald et al, 1997) according to the Microspin
GST Puriﬁcation Module manual (GE Healthcare, Piscataway, NJ, USA)
and using the protein refolding kit (Novagen, Madison, WI, USA).
Puriﬁed proteins were examined by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie
blue staining and western immunoblot analysis using GST antibody
(Ng et al., 2004; Tian et al., 1999).
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Unlabeled LIYV RNA 2 M5 positive-sense ssRNA competitor was
generated from pM5 linearized with NotI using T3 RNA polymerase,
and unlabeled M5 negative-sense ssRNA competitor was generated
from pM5 linearized with SphI using SP6 RNA polymerase as
described previously (Rubio et al., 2000; Yeh et al., 2001). Unlabeled
M5 dsRNA competitor was generated from M5 positive-sense ssRNA
and M5 negative-sense ssRNA using MEGAscript RNAi kit (Ambion,
Austin, TX, USA) according to the manufacturer's instructions. The
quality of dsRNA competitor was conﬁrmed by the lack of LiCl
precipitation. Unlabeled M5 dsDNA competitor was generated by
digesting pM5 with SacII and purifying the fragments on 1% agarose
gels. Unlabeled M5 ssDNA competitor was generated by asymmetric
PCR using primer RNA2-5-end-F (5' GGTAATCACAATTACCATTGGGC-
GAA 3', concentration 4 µM) and primer RNA2-3-end-R (5' GGTCTAG-
TATACGAGATACACTA 3', concentration 40 nM) and purifying the
fragments on 1% agarose gels.
Unlabeled TMV positive-sense ssRNA competitor was generated
from p30BGFPc3 (Rabindran and Dawson, 2001) linearized with NheI
using T7 RNA polymerase. Plasmid pGST-GFP was used to generate a
PCR product containing both T3 RNA polymerase promoter and GST-
GFP sequence using primer T3-GST-F (5' CCCGGGAATTAACCCTCAC-
TAAAGGGAGAATGTCCCCTATACTAGGTTATT 3') and primer GFP-NotI-
R. The, unlabeled GST-GFP positive-sense ssRNA competitor was
generated from that PCR product using T3 RNA polymerase.
Northwestern assay
Approximately equal amounts (∼2 µg) of protein samples were
electrophoresed through 12% SDS-PAGE gels and transferred to
nitrocellulose membranes as previously described (Ng et al., 2004).
The membrane-attached proteins were renatured at room tempera-
ture for 20 min in renaturation buffer (10 mM Tris–HCl [pH 7.5],
1 mM EDTA, 50 mM NaCl, 0.1% Triton X-100 and 1× Denhardt's
reagent) (Rajendran and Nagy, 2003). This step was repeated three
times. Then, the membrane was incubated for 1 h in renaturation
buffer with approximately 500 ng radioactively 32P-labeled LIYV RNA
2 M5 probe (Yeh et al., 2001) generated by in vitro transcription using
the MAXIscript kit (Ambion, Austin, TX, USA) according to the
manufacturer's instructions. After three washes with renaturation
buffer without Triton X-100 and Denhardt's reagent (Navarro et al.,
2006), the nitrocellulose membrane was dried in air and analyzed
using a phosphorimager (Storm 820, GE Healthcare, Piscataway, NJ,
USA).
Gel electrophoretic mobility shift assay (EMSA)
Protein samples were incubated with 8 ng radioactively 32P-
labeled LIYV RNA 2 M5 probe (Yeh et al., 2001) in 20 µl binding buffer
(10 mM Tris–HCl [pH 7.8], 50 mM NaCl, 1 mM EDTA, 0.23% Tween 20,
10% glycerol, 8 U of RNase inhibitor and 400 ng of yeast tRNA) at room
temperature for 30 min (Lopez et al., 2000; Rajendran and Nagy,
2003). Then, the samples were electrophoresed in 1% agarose gels in
1× TAE buffer. The gels were dried and analyzed (Taylor et al., 2000)
using a phosphorimager and ImageQuant TL v2005 (GE Healthcare).
The smear present below the band of GST-P34:RNA complex was
probably caused by destabilization of the GST-P34 during the gel run
(Chowdhury et al., 2007; Taylor et al., 2000). For competition assays,
the 32P-labeled M5 probe was added to the binding reaction with
increasing amounts of unlabeled competitors simultaneously.
GFP fusion construction and microscopy
LIYV P34 fusions to green ﬂuorescent protein (GFP) were
constructed in pRSET A (Invitrogen, Carlsbad, CA, USA) -based vectorsand subcloned into TMV 30B (Rabindran and Dawson, 2001;
Shivprasad et al., 1999) for expression under a duplicated TMV coat
protein promoter. To generate the P34:GFP fusion, P34 sequence was
ampliﬁed from the LIYV RNA1 cDNA clone pSP9/55 (Yeh et al., 2000)
using primers LIYVP32N5 (5'-ACGCTAGCAACAATGATAAT-
GATGTCGCC-3') and 3NheIP34 (5'-GCCGAGCTAGCTTCGTTATTTT-
TATTTTTTGCTT-3'). The PCR product was digested with NheI and
ligated into a pRSET-based vector, pSBR1N5 (previously described for
making MP-GFP fusions; M. Sudarshana, personal communication)
(Rojas et al., 2001). The GFP sequence in this construct was derived
from m5gfp-er (Haseloff and Siemering, 1998) from which the N-
terminal ER signal peptide and the C-terminal HDEL ER-retention
sequences were removed. pSBR1N5 was digested with NheI and
partially cut with XbaI. The P34:GFP fusion was ampliﬁed using
primers 5XhoIP32 (5'-ACTACTCGAGAACAATGATAATGATGTCGC-3')
and 3XhoIGFP (5'-ATCGCTCGAGTTATTTGTATAGTTCATCCATGC-3'),
digested and ligated into the XhoI site of TMV 30B, and screened for
appropriate directionality. The GFP:P34 fusion was constructed by
amplifying P34 from pSP9/55 using primers OP34NB (5'- GTAAG-
GATCCCATATGATAATGATGTCGCCG-3') and OP34CX (5'- AATTCTC-
GAGCTATTCGTTATTTTTATTTTTTG-3'). The PCR product was digested
with BamHI and XhoI and ligated into these sites of pRSET A to
generate pRSET-P34. GFP was ampliﬁed from 30B LIYV-P26:GFP
(derived from pSBR1N5) (Stewart et al., 2009) using primers
5NXAtgGFP (5'-ATAGCTAGCCTCGAGAACAATGAGTAAAGGA-3') and
mGFP5C (5'-CATCGCTAGCTTTGTATAGTTCATCGATGCC-3'). The NheI-
cut PCR product was ligated into the NheI site of pRSET-P34. The GFP:
P34 fusion was digested with XhoI, subcloned and sequenced, then
ligated into the TMV 30B as an XhoI fragment. Clones were screened
for directionality by restriction digestion with NcoI.
TMV 30B-GFPc3 (Rabindran and Dawson, 2001; Shivprasad et al.,
1999) was used as a control for GFP localization in live-cell imaging
experiments. In vitro-synthesized TMV transcripts were inoculated to
Nicotiana tabacum Xanthi Maryland protoplasts as previously de-
scribed (Stewart et al., 2009). Fluorescent and transmitted light
images in Figs. 6 and 8 were collected using a Nikon Microphot SA
epiﬂuorescence microscope 40× objectives lens and GFP and UV
ﬁlters, with SPOT Advanced software (Diagnostic Instruments,
Sterling Heights, MI, USA) to collect images. For ER localization
experiments in live cells, both .5 μM ER-Tracker Blue-White DPX
(Molecular Probes, Invitrogen, Carlsbad, CA) in N. tabacum Xanthi
Maryland cells and transgenic N. tabacum BY-2 cells containing ER:
GFP were used with similar results. Transcript and virion RNA for
inoculations were prepared as previously described (Stewart et al.,
2009).
ER colocalization was tested by inoculating protoplasts as
described above. Cells were harvested at 2–3 dpi. 750 µl of cells
were incubated at room temperature for 15 min at 250 rpm with
0.5 µl 1 mM ER-Tracker Red BODIPY FL glibenclamide (Molecular
Probes, Invitrogen, Carlsbad, CA), following which formaldehyde was
added to 4% and incubation continued for 15 min. Fixation was found
to be required for the dye to permeate plant cells. Fixed dyed cells
were harvested by centrifugation at 4000 rpm for 5 min and
resuspended in 1 mL wash medium. Cells were viewed with a Leica
DM5000B microscope (JH Technologies, San Jose, CA) under oil
immersion with the 100× objective lens, using GFP and Y3 ﬁlter cubes
to observe GFP and ER-Tracker Red, respectively. Images were
collected and merged using SPOT Advanced software version 4.1.
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